Objective: To investigate the possible neuroprotective effects of selective cerebral perfusion (SCP) during deep hypothermic circulatory arrest on brain oxygenation and metabolism in newborn piglets. Methods: Newborn piglets 2-4 days of age, anesthetized and mechanically ventilated, were used for the study. The animals were placed on cardiopulmonary bypass, cooled to 18 8C and put on SCP (20 ml/(kg min)) for 90 min. After rewarming, the animals were monitored through 2 h of recovery. Oxygen pressure in the microvasculature of the cortex was measured by oxygendependent quenching of phosphorescence. The extracellular level of dopamine in striatum was measured by microdialysis and hydroxyl radicals by ortho-tyrosine levels. Levels of phosphorylated cAMP response element binding protein (pCREB) in striatal tissue were measured by Western blots using antibodies specific for phosphorylated CREB. The results are presented as mean AE SD ( p < 0.05 was significant). Results: Pre-bypass cortical oxygen pressure was 48.9 AE 11.3 mmHg and during the first 5 min of SCP, the peak of the histogram, corrected to 18 8C, decreased to 11.2 AE 3.8 mmHg ( p < 0.001) and stayed near that value to the end of bypass. The mean value for the peak of the histograms measured at the end of SCP was 8 AE 3 mmHg ( p < 0.001). SCP completely prevented the deep hypothermic circulatory arrest-dependent increase in extracellular dopamine and hydroxyl radicals. After SCP, there was a statistically significant increase in pCREB immunoreactivity (534 AE 60%) compared to the sham-operated group (100 AE 63%, p < 0.005). Measurements of total CREB showed that SCP did induce a statistically significant increase in CREB as compared to sham-operated animals (168 AE 31%, p < 0.05). Conclusion: SCP, as compared to DHCA, improved cortical oxygenation and prevented increases in the extracellular dopamine and hydroxyl radicals. The increase in pCREB in the striatum following SCP may contribute to improved cellular recovery after this procedure. #
Introduction
Surgical outcomes for congenital heart surgery have significantly improved over the past decade. Factors associated with improvement include revised surgical techniques, patient selection and timing of surgery, cardiopulmonary bypass circuitry, modified ultrafiltration and systematized ICU care. The published reports, however, continue to show intermediate and long-term neuropsychologic dysfunction (NPD) associated with congenital heart surgery in children. Several recent studies have demonstrated that the pre-surgical factors such as genetics or reduced cerebral blood flow may be associated with NPD in neonates, infants and children. However, most investigative attention has been directed toward analysis of intraoperative events such as cooling time, deep hypothermic circulatory arrest and low flow cardiopulmonary bypass.
Deep hypothermic circulatory arrest (DHCA) has been extensively studied as a potential source of neuropsychological disability. Both experimental and clinical studies have suggested a relationship between the duration of circulation arrest and NPD. It is generally accepted that 30 min of DHCA is a safe period and if this is exceeded, brain injury can occur.
Selected cerebral perfusion (SCP) has been suggested as a neuroprotective bypass technique during cardiac surgery in infants and children. This technique affords the benefits of DHCA, which is a bloodless cannula-free cardiac field, and brain perfusion, without the deleterious effects of DHCA on the brain. Several clinical and experimental studies have suggested the potential benefit of SCP.
www.elsevier.com/locate/ejcts European Journal of Cardio-thoracic Surgery 29 (2006) [168] [169] [170] [171] [172] [173] [174] We therefore studied the effect of SCP on brain metabolism in an experimental piglet model of cardiopulmonary bypass. We hypothesized that (1) SCP with DHCA as opposed to DHCA alone would maintain brain tissue oxygenation, reduce tissue production of hydroxyl radicals, and decrease the level of extracellular dopamine; (2) SCP would increase phosphorylation of cAMP response element binding protein (CREB), therefore conferring a protective effect.
Materials and methods

Animal model
Sixteen newborn piglets, 2-4 days of age (1.4-2.5 kg) were assigned to one of the two groups: a SCP group and a sham-operated group. The sham-operated animals did not undergo cardiopulmonary bypass; they were anesthetized and sham-operated. The obtained results were also compared with results from DHCA, previously published by our group [1, 2] .
After induction with halothane, a tracheotomy was performed, the piglets were placed on a ventilator, and anesthesia was maintained with fentanyl, isoflurane 0.5%, and pancuronium. Femoral venous and arterial cannulas were placed for the collection of blood samples and for monitoring blood pressure. The head of the animal was placed in a stereotaxic holder, the scalp was removed, and a hole approximately 8 mm in diameter, for measuring cortical oxygenation, was made over the right parietal hemisphere. A small hole was drilled over the left parietal hemisphere for implantation of a microdialysis probe into the left striatum. After a 2-h stabilization period, cardiopulmonary bypass was performed. Following bypass, the animals were recovered for 2 h and then euthanized with 4 M KCl. The striatal tissue was then frozen for analysis of the levels of ortho-tyrosine and phosphorylation of CREB.
All animal procedures were in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals and have been approved by the local Animal Care Committee.
Cardiopulmonary bypass technique and experimental protocol
The protocols and techniques used during these studies duplicate those practiced in the clinical setting. Anesthesia was maintained using isoflurane (0.5-1.0%) with repeated boluses of pancuronium 0.1 mg/kg (i.v.) and fentanyl infusion of 10 mg/(kg h) (i.v.).
Prior to placing the piglets on bypass, the aortic arch and arch vessels were exposed. Full cardiopulmonary bypass flow was set at 125 ml/(kg min). Once cardiopulmonary bypass was begun the animals were cooled to a nasopharyngeal temperature of 18 8C over 20-25 min. During the cooling phase the pH of the blood was allowed to naturally rise (Alpha-stat management). Once the piglets reach the appropriate study temperature, flow was stopped for less than 1 min. The arterial cannula was advanced into the right carotid artery and snared. The ascending aorta was crossclamped and the bypass flow rate was lowered to 20 ml/ (kg min) for a total SCP time of 90 min. Then, the cross-clamp was removed, snare released, the cannula moved back into the ascending aorta, and bypass flow was slowly increased to 125 ml/(kg min) and the piglets were rewarmed to a temperature of 36 8C over a 30-min period.
2.3. Measurements of oxygen pressure and oxygen distribution by the oxygen-dependent quenching of phosphorescence Cortical oxygen pressure was measured using oxygendependent quenching of phosphorescence [3] [4] [5] [6] . The technical basis for determining the distribution of oxygen in the microcirculation of tissue from the distribution of phosphorescence lifetimes in the serum of blood has been described in detail [7] . Briefly, a near infrared oxygen sensitive phosphor, (Oxyphor G2) was injected i.v. at approximately 1.5 mg/kg. The measurements were made using a multi-frequency phosphorescence lifetime instrument (PMOD 5000) using algorithms and software developed by Vinogradov et al. [4] . The excitation light (635 nm), modulated by the sum of 38 sinusoidal waves with frequencies spaced between 100 Hz and 40 kHz, was carried to the tissue through a 3-mm light guide. The phosphorescence (l max = 790 nm) emitted from the tissue was collected through a second light guide, placed against the tissue at approximately 8 mm (center to center) from the excitation light guide. This positioning of the light guides allowed effective sampling of brain tissue oxygenation down to about 6 mm under the neocortical surface. The phosphorescence was optically filtered and the signal from the detector amplified, digitized and analyzed to give oxygen distribution in the volume of tissue sampled by the light.
Measurement of extracellular dopamine by in vivo microdialysis
The extracellular level of dopamine in striatum was measured as described in earlier publications [1, [8] [9] [10] . The microdialysis samples were collected at 15-min intervals. The detection limit of the assay was 5-10 fmol/sample. Identification and quantitation of dopamine were done by comparison with chromatograms of standard solutions. The efficiency of the microdialysis probe was determined in vitro at 36 8C and 18 8C and the relative recoveries were 16 AE 2% and 5 AE 1.6%, respectively (means AE SD for five experiments). The values for dopamine in the dialysate are presented after correction for relative recovery by the microdialysis probe.
Determination of striatal ortho-tyrosine
Striatal tissue (approximately 1 mg protein/ml) was hydrolyzed with 6N HCl. The hydrolysates were then dried, resuspended in mobile phase and analyzed for ortho-tyrosine by HPLC.
Western blot measurement of total and phosphorylated CREB
Samples of frozen striatal tissue were homogenized in a buffer containing 2% SDS, 10 mM Tris-HCl (pH 7.4) freshly supplemented with NaF (10 mM), sodium pyrophosphate (10 mM), Na 3 VO 4 (1 mM), Na 2 MoO 4 (1 mM), phenylarsine oxide (1 mM), leupeptin (1 mg/ml) and aprotinin (1 mg/ml), and boiled for 5 min after addition of SDS-PAGE sample buffer. Protein concentration was determined in homogenate samples with a BCA Protein Assay kit (Pierce, IL, USA). An equal amount of protein from each sample was separated by 12% SDS-PAGE and transferred onto a nitrocellulose membrane (Hybond C, Amersham Pharmacia Biotech). Membranes were then incubated in a blocking solution (Blotto: PBS containing 5% non-fat milk powder) for 1 h at room temperature. Blots were then incubated with antiphosphorylated CREB antibodies (1:200; a-p-CREB; Upstate Biotechnology, NY, USA) at 4 8C overnight. The membranes were then washed three times in PBS containing 0.05% Tween-20 (PBS-T) and incubated for 1 h with anti-rabbit IgG conjugated to HRP (1:1000; Amersham Pharmacia Biotech). Immunoreactivity was detected using enhanced chemiluminescence (ECL) according to manufacturer's instructions (Western Lightning kit, Perkin-Elmer Life Sciences, Boston, MA, USA), and the membranes were exposed to X-ray film. After that, the membranes were washed twice in PBS-T and incubated in a stripping solution (62.5 mM Tris-HCl (pH 6.8), 2% SDS, 100 mM 2-mercaptoethanol) at 50 8C for 30 min as recommended by ECL manufacturer. The stripped membranes were washed twice in PBS-T and incubated in Blotto for 1 h at room temperature. Blots were then incubated with anti-CREB antibodies (1:400; a-CREB; Upstate Biotechnology, NY, USA) at 4 8C overnight. After washing in PBS-T, the membranes were incubated for 2 h with anti-rabbit IgG conjugated to HRP (1:1000). Immunoreactivity was measured using ECL as described above. Autoradiographic films were digitized and analyzed using Scion Image software (NIH, Frederick, MD, USA). Each blot contained two sets of samples, one for an experimental group and another for the control group. The values for experimental groups were normalized to the values obtained for the untreated control group.
Statistical analysis
All values are expressed as means for ''n'' experiments AE SD. Statistical significance was determined using one-way analysis of variance with repeated measures by the Wilcoxon signed-rank test. p < 0.05 was considered statistically significant.
Results
Effect of SCP on physiological parameters in newborn piglets
During SCP the pH of the arterial blood increased from 7.43 AE 0.02 to 7.87 AE 0.07 ( p < 0.05), but during rewarming and post-bypass recovery it was not significantly different from control ( Table 1) . The blood pressure decreased from 73.4 AE 1.9 mmHg (control) to 17.4 AE 2.1 mmHg ( p < 0.001) at the end of SCP and returned to control level during rewarming. PaCO 2 decreased significantly during cooling and SCP from 43.4 AE 1.8 mmHg to 13.5 AE 1.5 mmHg ( p < 0.001). PaO 2 significantly increased during cooling from 115 AE 18.9 mmHg to 194.4 AE 19.2 mmHg ( p < 0.05).
Oxygen distribution in brain tissue during SCP and post-bypass reperfusion
Oxygen histograms were measured every 15 min throughout each of the experimental procedures. Prior to bypass, the cortical oxygen pressure was 48.9 AE 11.3 mmHg. During first 5 min of SCP, the peak of the histogram, corrected to 18 8C, decreased to 11.2 AE 3.8 mmHg and stayed near that value to the end of 90 min of SCP. The mean value for the peak of the histograms measured at the end of SCP was 8 AE 3 mmHg (Table 2) .
In order to provide a measure of the fraction of brain tissue that was seriously deprived from oxygen during the SCP, we have calculated, from the histograms, the fraction of the microcirculation in the cortex with oxygen pressures less than 5 mmHg (Fig. 1) . By the end of SCP, 14 AE 6% of microcirculation was below this value.
Changes in extracellular striatal dopamine during SCP
The control value of dopamine was stable prior to bypass with absolute levels of dopamine below 1 pmol/ml. The effect of SCP on the extracellular levels of dopamine is shown in Fig. 2 . During SCP, there were no detectable changes in extracellular dopamine level as compared to sham-operated control animals. We had previously shown that during DHCA, the extracellular levels of dopamine increased to 53,000 times the control value.
Level of striatal ortho-tyrosine following SCP
The level of ortho-tyrosine in the tissue can be used as a reliable measurement of in vivo hydroxyl radical production. This compound is not formed by metabolism, and results only from OH radical attack on the ortho position of free and bound phenylalanine. The level of ortho-tyrosine within the striatum in sham-operated animals was 0.43 AE 0.07 nmol/g striatal tissue. In the SCP group, the level of ortho-tyrosine, measured after 2-h recovery, was 0.46 AE 0.11 nmol/g tissue, a value not significantly different than that for shamoperated animals.
Levels of phosphorylated CREB in striatal tissue measured after 2-h recovery following SCP
Western blots of proteins isolated from striatal tissues of piglets from control group and the group subjected to SCP, probed with anti-pCREB antibodies, are presented in Fig. 3 . There was an increase in pCREB immunoreactivity (534 AE 60%) in the striata from SCP animals compared to the sham-operated group (100 AE 63%, p < 0.005) (Fig. 4) , and this was statistically significant.
To determine whether the total amount of CREB in the striatal tissue was altered, CREB was measured with an antibody that equally recognized both phosphorylated and non-phosphorylated CREB (total CREB (tCREB)). The measurements of tCREB showed that SCP did induce a statistically significant increase in CREB as compared to control (168 AE 31%, p < 0.05) (Fig. 4) .
To determine the extent to which the ratio of phosphorylated to dephosphorylated CREB was altered, pCREB levels were normalized to the tCREB. As it can be seen in Fig 4, after normalization the fraction of the tCREB that is phosphorylated was significantly higher following SCP than in the sham-operated group (319 AE 26 vs 100 AE 112; p < 0.01). This means that the elevated levels of pCREB following SCP were due to both increased expression of the CREB protein and increase in the phosphorylated/dephosphorylated CREB ratio. Thus, following SCP, both tCREB protein and the fraction that is phosphorylated were significantly enhanced over those present in sham-operated animals. The values are the means AE SD for eight experiments. a p < 0.01 for significant difference from pre-bypass conditions. 
Discussion
In the present SCP model, the changes in brain oxygenation were correlated with changes in extracellular striatal level of dopamine, striatal tissue level of ortho-tyrosine and with phosphorylation of CREB. The results are directly compared with deep hypothermic circulatory arrest data published in our earlier work [1, 2] .
Oxygen-dependent quenching of phosphorescence was used to measure oxygen pressure in the microcirculation of the cortex of brain. The measurements are minimally invasive and this is the only available method for repetitively and rapidly measuring oxygen distributions (histograms) in tissue. This ability to measure of the distribution of oxygen within heterogeneous samples, such as tissue, is unique. It is possible because the phosphorescence lifetime is different for each different oxygen pressure, and the phosphorescence emitted from the tissue is the sum of all the different lifetimes (oxygen pressures) in the tissue. The distribution of lifetimes can be mathematically resolved and then the distribution of oxygen pressures (oxygen histogram) calculated. In the present work, we used a multifrequency phosphorometer [4] to collect the data necessary for determining the distributions of lifetimes.
Baseline oxygen histograms have peak values between 45 mmHg and 60 mmHg with essentially no values below 20 mmHg. As the temperature is lowered to 18 8C, the affinity of hemoglobin for oxygen increases about fourfold and cellular metabolic activity decreases three-to fourfold. Thus, although the peak of the histogram at the end of SCP was only 8 AE 3 mmHg, this value indicated that the hemoglobin was largely saturated with oxygen and is an oxygen pressure which is likely to be sufficient to meet the metabolic need. If we assume that an oxygen pressure in the microcirculation of at least 5 mmHg is required to provide oxygen to all of the cells surrounding the vessels at 18 8C, then in SCP only 14 AE 6% of the tissue was oxygen deprived. This is in contrast to DHCA where essentially all of the brain tissue is oxygen deprived. This difference in oxygenation is consistent with SCP suppressing the massive release of dopamine observed in DHCA and providing substantial protection of the brain against cellular injury.
The values of oxygen pressure during SCP presented in this paper are lower than those given in our earlier study [11] . In the present study, the reported values are for the peaks in the oxygen histograms whereas those presented earlier are mean values measured using only two frequency modulations of the excitation light. The mean oxygen pressure was higher than the peak of the histogram due to (1) greater phosphorescence quenching at higher oxygen pressures (decreased signal to noise) resulting in a ''tail'' extending into high oxygen pressures; (2) blood vessels in the dura, where oxygen from the air can provide oxygen to the blood when there is little or no flow. In the present communication, we have chosen to emphasize the peak of the oxygen histogram because this value is representative of the bulk of the tissue and is not significantly affected by vasculature in the dura or the decrease in signal to noise at higher oxygen pressures.
The observed increase in cortical oxygenation during SCP is consistent with the results of other investigators reporting increase in cerebral oxygen consumption and cerebral oxygen delivery in SCP as compared with DHCA [12] [13] [14] .
The question arises as to how the changes in brain oxygenation during SCP affected the striatal metabolism. The striatum is the main input site in basal ganglia, which is one of the most important subcortical structures in the motor circuit. Clinical evidence suggests that hypoxic ischemia in the neonatal human infant preferentially damages systems that control tone and movement. Striatal neurons are also very sensitive to hypoxia and ischemia. In a DHCA model, newborn piglets displayed neurologic deficits and revealed histological evidence of brain damage apparent by 6 h of reperfusion [15] . Laptook et al. [16] reported that neurons in striatum and neocortex of the newborn are very vulnerable to normothermic ischemia. In hypothermic global ischemia, striatum continued to be damaged even though the other regions were protected [16, 17] . DeLeon et al. [18] showed that, in experiments on dogs, profound hypothermia during CPB caused neuronal loss and degeneration within the cortex and caudate. Similarly, Tseng et al. [19] showed that, in dogs, after circulatory arrest, apoptosis occurred in selected neuronal populations, including the hippocampus, striatum and neocortex. Following cardiac arrest in 1-to 2-week-old piglets, necrosis was the dominant form of cell death, affecting striatum earlier, more uniformly, and to a greater degree than other brain regions [20] . Histological and immunohistochemical analysis showed first signs of cell damage within 6 h after resuscitation, with complete deterioration by 48 h. Damage in the neocortex was barely evident at 24 h and was still increasing as late as 96 h after the insult.
Another reason for choosing the striatum for evaluating the protective effect of SCP was because it is a dopaminergic region of the brain. Our earlier studies have shown that the dopaminergic system within the striatum of a newborn piglet's brain is very sensitive to hypoxia/ischemia [8] [9] [10] and therefore provides a very sensitive marker of the adequacy of brain oxygenation. In addition, it has been suggested that release of dopamine during hypoxic/ischemic conditions may play a major role in mediating neuronal damage within the striatum. High levels of dopamine, iron and oxygen are mostly responsible for the generation of free radicals particularly within regions of the brain such as the Fig. 4 . Effect of SCP on levels of total and phosphorylated CREB in striatum of newborn piglets. The results are means from six experiments AE SD. The data are expressed in percentage to the corresponding values (100%) obtained for the control group of piglets (n = 6) and represent measurements from three to five independent experiments. a p < 0.05 for significant difference from control.
putamen and caudate nucleus. One of the causes of neuronal cell death after CPB and DHCA appears to be the formation of free radicals. In hypoxia-ischemia in newborn piglets, the increase in hydroxyl radicals observed during recovery was completely abolished by depletion of dopamine in the brain [21] .
Our earlier studies showed that DHCA resulted in a massive increase in extracellular dopamine and an about sixfold increase in the level of ortho-tyrosine within the striatum of newborn piglets, the latter indicating increased generation of hydroxyl radicals within the tissue [1] . The results presented in this paper show that SCP at 20 ml/min completely abolished the increase in extracellular dopamine and the increase in hydroxyl radicals.
We reported earlier that although SCP at a flow of 20 ml/ min substantially improved cerebral oxygenation, further increase to 40 ml/min lead to even higher oxygen levels [11] . At 40 ml/min, however, a small fraction of the animals developed brain edema, suggesting the pressure in the vessels was high enough to cause significant vascular leakage. The present study shows that a flow of 20 ml/min is sufficient to protect brain metabolism. We conclude that SCP, by improving cortical oxygenation, prevented the increases in the extracellular dopamine and hydroxyl radicals, and by inference, the depletion of cellular energy levels that underlies cellular injury.
Another factor investigated in this study was CREB, a transcription factor involved in the control of neuronal function. Assessment of phosphorylation of CREB is important not only because it is part of one of the regulatory pathways affected by dopamine but also because it is a putative factor in fostering neuronal protection. Several studies involving the over-expression of dominant-negative CREB have suggested that CREB can be a protective factor in various cellular models. A suggested mechanism for the protective effect of phosphorylated CREB could be by increasing a expression of Bcl-2 protein. Several studies have shown that Bcl-2 is positively regulated by CREB via a consensus cyclic AMP response element (CRE), and increased phosphorylation of CREB on Ser-133 induces expression of Bcl-2 protein. Accumulating evidence indicates that over-expression of Bcl-2 provides protection against apoptosis [22] and ischemic neuronal death [23] .
The present results show that following 2 h of recovery from SCP the level of CREB phosphorylation is significantly higher than in sham-operated animals. Our early studies showed that LFCPB, which decreased cortical oxygen to the same level as SCP, also caused an increase in CREB phosphorylation [2] . This was in contrast to DHCA data where phosphorylation of CREB was not significantly changed. This is in agreement with studies by other investigators which show that both necrotic and apoptotic neuronal death occurred in vulnerable brain regions after DHCA [15, 24, 25] .
A limitation in our study is that CREB phosphorylation was measured at only one time during the recovery period. Future experiments will characterize the time-dependent changes in CREB phosphorylation during SCP and determine the degree to which the increase in phosphorylated CREB, as measured at 2 h, correlates with cell survival and neuronal injury.
In summary, the increase in CREB phosphorylation following SCP as well as the decreased levels in extracellular dopamine and hydroxyl radicals, are consistent with lesser neuronal injury and better neuronal survival following SCP as compared to DHCA. It can be concluded that in the newborn piglet, SCP provides a significant degree of neuroprotection to the striatum as compared to DHCA and may be of importance for clinical practice.
